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VibratingAbstract The metal grille, commonly composed of an amount of diamond holes, has been grow-
ingly used as a key structure on stealth aircraft. Electrochemical machining (ECM) promises to be
increasingly applied in aircraft manufacturing on the condition that process stability is guaranteed.
In this work, a flow field model was designed to improve the process stability. This model is
endowed with a variety of flow channel features, together with vibrating feeding modes. The flow
field distribution on the bottom surface of the diamond hole was discussed and evaluated as well.
The numerical results show that a short arc flow channel could significantly enhance the uniformity
of electrolyte velocity distribution and a vibrating feeding of the cathode enables to reduce both
fluctuations of the electrolyte velocity and pressure on the bottom surface of the diamond hole.
Consequently, the flow field mutations were eliminated. It is verified from the experimental results
that a short arc flow channel, when combined with vibrating feeding, is capable of improving
machining localization and process stability markedly. What is more, the side gap on the bottom
surface of the diamond hole could also be reduced by the abovementioned approach.
 2016 Chinese Society of Aeronautics and Astronautics. Production and hosting by Elsevier Ltd. This is
an open access article under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
With modern technology’s evolvement, great progress has
been made in detection and attack technology. Therefore, bet-ter stealth performance is vital for a weapon to improve its
self-protection capability and reduce the possibility of being
detected.1,2 Recently, metal grid, characterized by holes of spe-
cial shapes such as square, diamond, and triangle, has increas-
ingly become a common stealth structure in some critical parts
of rockets and jet fighters. The machining precision and sur-
face quality of special shaped holes matter a lot to the strength,
stiffness and stealth performance of metal grid structures.3
Compared with milling, electrical discharge machining
(EDM), and laser material processing, electrochemical
machining (ECM) is considered more suitable for special
shaped holes on metal grid structures due to its advantages, http://
Fig. 1 Flow field models with various flow channel structures.
2 J. Zhao et al.of no residual and thermal stress and also cathode wear free.
However, improving the process stability of ECM has been
proven to be a challenging task, because the physical features
(e.g., electrical field and flow field) of a machining area are
hard to control during the process.4,5
Over the past few years, enhancing the process stability and
localization of ECM of special shaped holes has attracted great
attention among researchers. Uchiyama and Kunieda6 studied
cathode optimized design and forming precision of curved
holes based on analysis of the static electrical field and
stress-strain analysis. Their study swirled around millimeter
scale profiled hole machining and the results illustrated that
the tip angle of the cathode and the feeding rate had great
effects on the forming precision of curved holes. Wang et al.7
established a multi-physical ECM model on the basis of an
electrostatic, two-phase flow and temperature field, and veri-
fied the model by experiments of spiral hole machining. Li
and Huang8 studied the machining process of tapered holes
of fuel jet nozzles, which had the size of micro/nano scale,
and analyzed the influences of voltage, pulse duty cycle, pulse
frequency, and cathode feed rate on the aperture distribution.
Tapered holes with an inlet aperture of 181 lm and an outlet
aperture of 203 lm were machined on a 1-mm Ni-based alloy
plate. Chan et al.9 investigated the forming mechanism of
micro holes under the influences of pulsed power conditions,
cathode insulation, and machining time. Barrel-shaped holes
and reverse-tapered holes were machined successfully by regu-
lating machining parameters.
Current studies on ECM of profiled holes have been con-
centrated on shape forming such as inclined holes,10 curved
holes,11 square holes,12 and tapered holes,13,14 whereas, the
process stability of ECM is poorly studied. Specifically, during
machining of a diamond hole, the flow paths of electrolyte in
the machining gap differ a lot because of the two unequal diag-
onals. Therefore, electrolyte starvation and cavitation are
inclined to occur at the opposite corners of the diamond hole,
which will make stable machining impossible. In order to
investigate and improve the stability of the ECM process of
diamond holes, various flow channel structures of cathode
and vibrating feeding modes were analyzed by numerical sim-
ulation and verified experimentally in a self-developed ECM
system.
2. Flow field design
2.1. Cathode flow channel structure design
Three different-shaped flow channel models which are dia-
mond, long arc, and short arc, respectively for machining a
diamond hole with a side length of 9.9 mm and a sharp angle
of 60 are shown in Fig. 1. In Fig. 1(a), the cross section of the
diamond flow channel is obtained by isometrically offsetting
from the cathode projection profile, and the cross-sectional
area A1 = 49.89 mm,
2 while the wetted perimeter
P1 = 30.36 mm, which is defined as the sectional profile length
of the flow channel. In Fig. 1(b), the cross-sectional area of the
long arc flow channel A2 = 12.81 mm
2 and the wetted perime-
ter P2 = 27.65 mm. Similarly, the cross-sectional area of the
short arc flow channel in Fig. 1(c) A3 = 7.83 mm
2 and the wet-
ted perimeter P3 = 17.67 mm. The cross-sectional area of a
flow channel should be greater than the product of the frontalPlease cite this article in press as: Zhao J et al. Flow field design and process stability
dx.doi.org/10.1016/j.cja.2016.07.005gap and the wetted perimeter in order to ensure an adequate
electrolyte supply in the machining area, that is:
Ai P PiDi i ¼ 1; 2; 3 ð1Þ
where Di is the frontal gap (estimated as 0.08–0.3 mm).
15
2.2. Selection of electrolyte velocity and pressure at gap entrance
It is requested that the flow state of the electrolyte should be
turbulence under the condition of a steady distribution of
the flow field; hence, the electrolyte velocity at the inlet should
meet the following16:
ui > 2300
viPi
4Ai
i ¼ 1; 2; 3 ð2Þin electrochemical machining of diamond holes, Chin J Aeronaut (2016), http://
Flow field design and process stability in electrochemical machining of diamond holes 3where mi is coefficient of kinematic viscosity of the electrolyte
(m1 = m2 = m3 = 9.2  107 m2/s) and ui is the inlet electrolyte
velocity of the three flow field models.
To satisfy the requirement of turbulence, the inlet velocity
of electrolyte in the diamond flow channel as shown in
Fig. 1(a) should be u1 > 0.35 m/s, the velocity in the long
arc flow channel as shown in Fig. 1(b) should be
u2 > 1.25 m/s, and the velocity in the short arc flow channel
as shown in Fig. 1(c) should be u3 > 1.31 m/s.
The electrolyte pressure at the inlet (P0) functions in three
ways: one is to provide velocity energy (also called dynamic
pressure) for electrolyte flow in the gap, another is overcoming
the viscous friction Pv between the gap and the electrolyte, and
the last one is for balancing the electrolyte pressure at the out-
let (back pressure Pe).
17 According to hydrodynamics theory,
dynamic pressure Pu fits the following equation
18:
Pu ¼ qiu
2
i
2
i ¼ 1; 2; 3 ð3Þ
where qi is the electrolyte density of the three flow models.
Viscous friction Pv can be fitted into the following
equation:
Pv ¼ 0:3164
Re0:25i
 Pi
Ai
 qiu
2
i
2
i ¼ 1; 2; 3 ð4Þ
where Rei is Reynolds number of the flow state in the three
models.
Hence, the electrolyte pressure at the inlet P0 meets the
following:
P0 ¼ Pu þ Pv þ Pe i ¼ 1; 2; 3 ð5Þ
It is found that the electrolyte velocity closely corresponds
with the inlet pressure when the geometrical structure of the
flow field in the machining gap is determined. It means that
the greater the inlet electrolyte velocity is, the higher the pres-
sure is needed at the inlet.
3. Numerical analysis of flow field model
The task of flow field analysis during ECM of a diamond hole
is to ensure a reasonable electrolyte velocity and pressure dis-
tribution as well as eliminate the overlap between electrolyte
flow paths and cavitation. Thus, the process stability is able
to be guaranteed.
The electrolyte velocity and the pressure distribution in the
flow field models are numerically analyzed to evaluate the
influences of different flow fields (shown in Fig. 1) on the pro-
cess. During the analysis, if the flow fields in the flow channel
and the machining gap are both steadily distributed, then sev-
eral hypotheses about electrolyte fluid are represented as fol-
lows: (a) the fluid is desired fluid without bubbles and solid
particles, (b) the fluid is incompressible and constant Newto-
nian fluid, and (c) changes in electrolyte temperature and
energy dissipation caused by temperature variations are both
ignored, and the fluid flow is restricted by mass conservation
equation and momentum conservation equation. The flow field
is numerically calculated by RNG j e turbulence model
based on Navier-Stokes equation. Meanwhile, electrolyte
velocity distributions and pressure distributions in different
flow channels are numerically simulated by the fluid dynamics
module of COMSOL. During the analysis, the inlet electrolytePlease cite this article in press as: Zhao J et al. Flow field design and process stability
dx.doi.org/10.1016/j.cja.2016.07.005pressure is 0.5 MPa, kinematic viscosity is 9.2  107 m2/s,
electrolyte temperature is 25 C, and electrolyte density is
1.07  103 kg/m3.
3.1. Influence of the cathode flow channel structure on the flow
field
It is known that the distribution of the electrolyte flow field on
the bottom surface of a diamond hole directly affects the fea-
sibility of processing. Fig. 1 shows that the frontal gaps of the
three flow field models are all set at 0.2 mm. Fig. 2 shows the
velocity distribution simulation on the bottom surface of the
diamond hole at three different flow channels with the inlet
electrolyte pressure P0 = 0.5 MPa. As demonstrated in
Fig. 2(a) that the fluid velocity is among the highest in the y
direction at opposite corners, cross streamlines and chaotic
electrolyte flow are observed in the meantime. Therefore, flow
banding is likely to appear at the corresponding machining
area. As shown in Fig. 2(b), electrolyte with a higher velocity
is found on the sides of the long arc flow channel while the
velocity is comparatively much lower in the middle, therefore
it is thought that the uniformity of velocity distribution is very
poor. Furthermore, the minimum velocity at x-direction oppo-
site corners and sparse streamlines are vulnerable to electrolyte
starvation. Conversely, in Fig. 2(c), electrolyte flows uniformly
from the channel to the opposite corners of both sides of the
diamond hole, and no spare streamline or overlapping is spot-
ted at both x-direction and y-direction opposite corners.
Compared with the diamond flow channel and the long arc
flow channel, the short arc flow channel outstands by present-
ing a more uniform distribution of electrolyte velocity on the
bottom surface of the diamond hole, which successfully avoids
some problems such as fluid cavitations and streamlines
overlapping according to the simulated results. In addition,
in order to satisfy the requirement of turbulence
(u3 > 1.31 m/s), the inlet electrolyte pressure of the short arc
flow channel should fulfill P0 > 0.25 MPa.
3.2. Influence of cathode vibrating feeding on flow field
During the ECM of a diamond hole, the electro-chemical reac-
tion sludge and bubbles become difficult to be flushed away
from the bottom of the diamond hole along with the feeding
of cathode. As a result, anode dissolution is adversely
affected.19 It is proven by some research that cathode linear
feeding combined with vibration provides a better solution
for sludge exhaust and electrolyte renewal, and this approach
has been widely applied in small holes machining.20–22 Fig. 3
illustrates the motion synthesis of cathode composite feeding,
in which v is the linear feeding rate and S1 is the displacement
of linear feeding, A is the magnitude of vibrating feeding and
S2 is the displacement of vibrating feeding, x is the vibration
angular frequency, and U is the vibration phase difference.
Not only the effect of vibrating feeding on the flow field in
diamond hole machining was numerically analyzed in this
paper, but also the electrolyte velocity and pressure distribu-
tions on cross-sectional lines q1q2 and p1p2 in the xy plane
(as showed in Fig. 2(c)) in a single vibration cycle were studied.
Fig. 4 shows the electrolyte velocity component distribution
along cross-sectional lines q1q2 and p1p2 on the xy plane in a
single vibration cycle. The vibration magnitude is 0.5 mm,in electrochemical machining of diamond holes, Chin J Aeronaut (2016), http://
Fig. 2 Velocity magnitude on the bottom surface of a diamond
hole.
Fig. 3 Cathode motion compound of sustained linear feeding
and vibrating feeding.
Fig. 4 Velocity magnitude in a vibration period.
4 J. Zhao et al.frequency is 20 Hz, and vibration waveform is a sine wave. The
effect of linear feeding on the cathode position can be ignored
in a vibration cycle when the vibration cycle T is set at 0.05 s.
Thus, only the vibration impact was taken into account. In the
case of t= 0, the cathode stays in the equilibrium position andPlease cite this article in press as: Zhao J et al. Flow field design and process stability
dx.doi.org/10.1016/j.cja.2016.07.005the gap between the cathode and the workpiece is 0.7 mm. In
the period of t= 0  T/4, the cathode slowly drifts away from
the workpiece. During t= T/4  3T/4, the cathode gradually
gets closer to the workpiece. While t= 3T/4  T, the cathode
moves away from the workpiece and gets back to the equilib-
rium position again. It is observed from Fig. 4(a) and (b) that
the electrolyte velocity changes drastically along the flow path
when the cathode approaches to the bottom of the diamond
hole (t= 3T/4), while the velocity variation becomes gentle
when the cathode gradually leaves (t= T/4). During a vibra-
tion cycle, the electrolyte velocity along the cross-sectional
lines changes with the position of the cathode; hence, the uni-
formity of velocity distribution is effectively improved. More-
over, fluctuation in the electrolyte velocity in the middle areain electrochemical machining of diamond holes, Chin J Aeronaut (2016), http://
Fig. 6 Schematic diagram of the experimental system for
electrochemical machining of diamond holes.
Flow field design and process stability in electrochemical machining of diamond holes 5of q1q2 and p1p2 is reduced with the position of the cathode,
which will contribute to the elimination of abnormal corrosion
caused by the drastic velocity variation.
The electrolyte pressure component distributions along
cross-sectional lines q1q2 and p1p2 on the xy plane in a single
vibration cycle are depicted in Fig. 5(a) and (b). When the
cathode approaches the bottom of the diamond hole
(t= 3T/4), the electrolyte pressure at the middle parts of
q1q2 and p1p2 goes up to 5  105 Pa as the viscous friction
increases. However, the pressure suddenly plummets to
5  104 Pa on both sides, resulting in great fluctuation along
q1q2 and p1p2. When the cathode leaves the bottom
(t= T/4), a relatively even distribution of the electrolyte pres-
sure is found along q1q2 and p1p2 at 4  105 Pa. Therefore, it is
found that cathode vibrating feeding improves the uniformity
of the pressure distribution and avoids local flow field muta-
tions caused by electrolyte pressure fluctuations.
4. Experimental system
The objective of a self-developed ECM system, as shown in
Fig. 6, was to verify the influences of the cathode flow channel
structure and the cathode feeding mode on the process stability
and localization. This system involves a machine frame, a
CNC motion axis, a vibrating feeding system, a pulsed power
supply, and a current sensor. The structure of the vibrating
feeding system is exhibited in Fig. 7. A stator of voice coil
motor is used to generate the vibrating motion of the cathode.Fig. 5 Pressure magnitude in a vibration period.
Fig. 7 Model diagram of the vibrating feeding system.
Table 1 Main parameters of the vibrating feeding system.
Load
(kg)
Vibration
frequency
(Hz)
Vibration
magnitude
(mm)
Positioning
accuracy
(lm)
Repeat
positioning
accuracy (lm)
10 0–40 0–1 65 62
Please cite this article in press as: Zhao J et al. Flow field design and process stability
dx.doi.org/10.1016/j.cja.2016.07.005The gravity balance is achieved by the weight cylinder assem-
bled at the system end. What is more, by adjusting the air pres-
sures on both ends of the cylinder piston while fixing the
cylinder body, motion parts of different gravities can be bal-
anced. Table 1 shows the key parameters of the vibrating feed-
ing system.
5. Results and discussion
5.1. Experimental preparation
Comparative experiments of cathode sustained linear feeding
and composite feeding were carried out on the basis of machin-
ing parameters shown in Table 2. The workpiece material was
SS304 and the electrolyte solute was sodium nitrate. The influ-
ences of process stability and localization were studied by ana-
lyzing the effects of various cathode flow channel structures
and different cathode feeding modes on the diamond hole
machining process.in electrochemical machining of diamond holes, Chin J Aeronaut (2016), http://
Table 2 Main parameters of diamond hole machining.
Machining parameter Value
Initial frontal gap (mm) 0.2
Pulse peak voltage (V) 9, 10, 11, 12, 13, 14, 15
Pulse frequency (Hz) 1000
Pulse duty cycle (%) 80
Electrolyte conductivity (S/m) 9.5
Electrolyte temperature (C) 25
Inlet electrolyte pressure (MPa) 0.5
Cathode linear feed rate (mm/min) 0.18, 0.21, 0.24, 0.27, 0.3
Vibration magnitude (mm) 0.1, 0.2, 0.3, 0.4, 0.5, 0.6,
0.7, 0.8, 0.9
Vibration frequency (Hz) 4, 8, 12, 16, 20, 24, 28
Cathode feed depth (mm) 3
Fig. 8 Schematic illustration of the fabricated diamond hole.
Fig. 9 Processing stability frequency with cathodes of various
flow channels.
Fig. 10 Morphology analysis on the bottom surfaces of
6 J. Zhao et al.
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dx.doi.org/10.1016/j.cja.2016.07.0055.2. Influences of various cathode flow channel structures on the
machining process
Experiments were carried out by adopting three different cath-
ode flow channel structures (shown in Fig. 1). The cathode
feeding mode was sustained linear feeding. The influences on
the side gap and stability exerted by the pulse peak voltage
and the cathode feed rate were studied. Fig. 8 shows the sche-
matic diagram for the measurement of the fabricated diamond
hole.
5.2.1. Effects of different cathode flow channel structure on
process stability
Comparative experiments with the pulse peak voltage at 9, 10,
11, 12, 13 V respectively and the cathode feed rate at 0.18 mm/
min were each conducted 10 times repeatedly. The statistics of
processing stability frequency using varied flow channel struc-
tures are shown in Fig. 9.
It is observed from the results that a short-circuit phe-
nomenon happened to all cathodes with three different flow
channel structures along with the decreasing pulse peak volt-
age, among which the short arc flow channel had noticeably
much lower short circuit frequency than those of the other
two. Fig. 10 shows the morphology on the bottom surfaces
of machined diamond holes with those three structures when
the peak voltage of pulse power is at 9 V. In the case of
machining with a cathode of a diamond flow channel, the
abnormal dissolution occurred at the opposite corners of the
diamond hole owing to the fluctuation in electrolyte velocity.
What is more, electrolyte flow disorder in the side of the diag-
onal facilitated instability and short circuit ablations. When
machining with a cathode of a long arc flow channel, slight
short circuit ablations were found in the opposite corners on
both sides due to the low electrolyte renewal function. Never-
theless, during the machining with a cathode of a short arc
flow channel, not only current signal changes leveled off, but
also no short circuit ablation was recorded on the bottom sur-
face of the diamond hole.
5.2.2. Variation of the side gap with cathode flow channel
structures
With a view to studying the effects of different cathode flow
channel structures on the side gap, single-factor experiments
with the cathode feed rate at 0.18, 0.21, 0.24, 0.27,
0.3 mm/min respectively and the pulse peak voltage at 15 V
were conducted.diamond holes with various flow channel structures.
in electrochemical machining of diamond holes, Chin J Aeronaut (2016), http://
Fig. 11 Variation of the side gap with the cathode feed rate.
Fig. 12 Machining current signal o
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dx.doi.org/10.1016/j.cja.2016.07.005The variation of the entrance side gap with the cathode feed
rate is shown in Fig. 11(a). Fig. 11(b) depicts the change of the
bottom side gap with the cathode feed rate. With an increase of
the cathode feed rate, the length of time for stray corrosion at
the sidewall was shortened and the side gaps of the three flow
channels showed a decreasing trend. It is noted that machining
with a cathode of a short arc flow channel had a smaller
machining gap at both the entrance and the bottom side, there-
fore endowed with better processing localization.
The machining experiments with varied feed rate of the
cathode show that the short arc flow channel could maintain
a smaller side gap compared with those of other flow channel
structures. It can be explained that a smaller cross-sectional
area of the short arc flow channel extends the electrolyte flow
path from the channel to the outlet of the frontal gap and the
flow rate out of the frontal gap is reduced evenly, making it
much lower than those of long arc and diamond flow channels.
Consequently, the electrochemical dissolution rate at the dia-
mond hole sidewall is reduced and the machining localization
is enhanced.
It is clear that the experimental results concerning process
stability agree well with flow field numerical analysis. The
use of a cathode of a short arc flow channel can exclude defects
such as electrolyte starvation and abnormal dissolution, there-
fore realizing a stable process and better machining
localization.
5.3. Influence of cathode composite feeding on the machining
process
To explore the effect of cathode composite feeding on process
stability, a bunch of single-factor experiments were conductedf various vibration magnitudes.
in electrochemical machining of diamond holes, Chin J Aeronaut (2016), http://
Fig. 13 Morphology of various vibration magnitudes.
8 J. Zhao et al.with the vibration frequency (VF) at 16 Hz and the vibration
magnitude (VM) at 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8,
0.9 mm respectively, as well as the vibration magnitude at
0.5 mm and the vibration frequency at 4, 8, 12, 16, 20, 24,
28 Hz respectively. The pulse peak voltage is 15 V and the
cathode linear feed rate is 0.18 mm/min.
5.3.1. Impact of the vibration magnitude on the machining
process
Fig. 12 shows the change of the current signal with varied
vibration magnitudes at different cathode feed depths. When
the vibration frequency is fixed and the vibration magnitude
is relatively small, the current signal is volatile during the
whole machining process, which leads to instability. What’s
worse, the process cannot proceed consistently when the vibra-
tion magnitude is overly large. As shown in Fig. 12(e), there is
a severe short circuit when the cathode feed depth reaches
0.6 mm. On the contrary, in case of the vibration magnitude
at 0.4 mm or 0.5 mm, the whole machining process is relatively
more stable with small current signal fluctuations recorded.Fig. 14 Machining current signal
Please cite this article in press as: Zhao J et al. Flow field design and process stability
dx.doi.org/10.1016/j.cja.2016.07.005The morphology of diamond holes with varied vibration
magnitudes is shown in Fig. 13. The influence of vibrating
feeding movement on the viscous friction in the gap is gradu-
ally lessened with an increase of the cathode feed depth under
the condition of a constant vibration frequency and a small
vibration magnitude. Accordingly, the electrolyte conductivity
becomes inhomogeneous because the sludge is difficult to
exhaust from the frontal gap. Hence, the removal of workpiece
material is further hindered and the process stability is
reduced. When the vibration frequency is fixed and the magni-
tude is excessively large, a short duration of the cathode end
inside the workpiece, together with a sharply reduced electro-
chemical dissolution rate, which is even lower than the feed
rate, on the bottom surface of the diamond hole results in a
short circuit.
5.3.2. Effect of varied vibration frequencies on the machining
process
Fig. 14 illustrates the shift of the machining current signal with
varied vibration frequencies at different cathode feed depths.
The morphology of diamond holes at varied vibration frequen-
cies is shown in Fig. 15. With a steady vibration magnitude
and a low vibration frequency, as shown in Fig. 14(a), there
is a sudden mutation in the current signal when the cathode
feed depth reaches 2 mm, therefore, hardly can the machining
process continue. However, when the vibration frequency
becomes higher and the cathode feed depth climbs from
2.65 mm to 3 mm, the current signal fluctuation is intensified
and the stability is reduced at the end of the machining pro-
cess. No significant fluctuation in the current signal is found
when vibration frequency is 12 Hz and 16 Hz. Thus a stable
process is ensured.
When the vibration magnitude is fixed and the vibration
frequency is low, the effect of vibrating feeding on sludge
exhaust gradually weakens with an increase of the cathode feedof various vibration frequencies.
in electrochemical machining of diamond holes, Chin J Aeronaut (2016), http://
Fig. 16 Variation of the side gap with diverse cathode feed rates.
Flow field design and process stability in electrochemical machining of diamond holes 9depth. Therefore, both sides of the diamond hole diagonal are
susceptible to electrolyte starvation and cavitation, and short
circuits are inclined to occur. Meanwhile, when the vibration
frequency is overly high, the sludge on the bottom surface of
the diamond hole is not fully expelled before being washed
back to the frontal gap by re-fresh electrolyte again with the
mounting cathode feed depth. Therefore, it causes uneven dis-
tribution of electrolyte conductivity in the frontal gap and
increases fluctuation in the electrochemical dissolution rate,
and further deteriorates the process stability.
5.4. Comparisons between cathode composite feeding and linear
feeding on the side gap and the machining process
Based on the data from the above single-factor experiments, it
is necessary that contrast experiments about the impacts of
cathode composite feeding and linear feeding on the side gap
and the machining process respectively be completed with
the vibration magnitude at 0.5 mm and the vibration frequency
at 16 Hz. The pulse peak voltage is 15 V, and the cathode lin-
ear feed rate is 0.15, 0.18, 0.21, 0.24, 0.27, 0.3 mm/min,
respectively.
Changes in gaps at the entrance side and the bottom side
with diverse cathode feed rates are shown in Fig. 16. With
an acceleration of the cathode feed rate, the entrance side gaps
by both ways of feeding are significantly smaller and tend to be
the same at the same depth, while there is a sharp drop in the
size of the bottom side gap with cathode composite feeding. It
is apparent that cathode linear feeding combined with vibra-
tion realizes a smaller gap by shortening the machining time
at the cathode bottom end and reducing the electrochemical
dissolution rate of the metal material on the bottom surface
of the diamond hole.
Fig. 17 shows the impacts of cathode composite feeding and
linear feeding on the processing stability frequency with the
cathode feed depth at 3 mm. Processing is repeated 10 times
at each cathode feed rate. It is noted that the processing stabil-
ity frequency of cathode composite feeding is much higher
than that of linear feeding with the mounting rate of cathode
linear feeding. Thus, vibrating feeding attributes to less elec-
trolyte velocity fluctuation cavitation removal in the gap,
and finally a stable process.
Comparative experimental results between two feeding
ways, which are in line with flow field numerical analysis, indi-
cate that cathode linear feeding, when combined with reason-
able vibration, helps in realizing a much stabilized process.
Furthermore, it also assists in narrowing the bottom side gap
enormously and enhancing localization.Fig. 15 Morphology of various vibration frequencies.
Fig. 17 Processing stability frequency with various cathode
feeding modes.
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(1) Three types of flow fields were simulated in the case of
ECM of diamond holes according to different cathode
flow channel structures. The purpose was to improve
the process stability and localization. It is demonstrated
from the results that the short arc flow channel structure
with a cross-sectional area of 7.83 mm2 and a cross-
sectional wetted perimeter of 17.67 mm is the optimal
design theoretically.in electrochemical machining of diamond holes, Chin J Aeronaut (2016), http://
10 J. Zhao et al.(2) With the increase of the cathode feed depth, both the
vibration magnitude and frequency affect the process
stability significantly. The machining process is found
more stable on two occasions: one is a fixed vibration
frequency of cathode composite feeding with the vibra-
tion magnitude at 0.4 mm and 0.5 mm respectively,
and the other is a fixed vibration magnitude with the
vibration frequency at 12 Hz and 16 Hz respectively.
(3) Compared with cathode linear feeding, cathode compos-
ite feeding is proven to be an effective way for enhancing
the process stability and localization by adjusting the
vibration frequency and the vibration magnitude
reasonably.
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